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INTRODUCTION 
Fructose 1, 6-bisnhosnhatase (FbPase) (EC 3.1.3.11) 1s a snecific 
enzyme which catalyzes the reaction: 
D-Fructcse 1, 6-b1sohosnhate (FbP) + H,0  * D-fructose-6-ohosnhate 
+ P1 (1). 
McGilvery and his co-workers suggested that PbPase played an Important 
role 1n gluconeogenesis (2). It 1s now generally accepted that an 
Important site of regulation of both glvcolvsis and gluconeogenesis 1s 
at the level of FbP formation and hydrolysis (3). Since FbPase 
participates 1n one of the control steps in the "irreversibility loop" 
of the Embden-Meyerhorf pathway, its functions and properties are very 
Important. 
FbPase did not receive much attention until the nineteen-fifties 
although the enzyme was originally discovered by Gomori in 1943 (4). 
In 1953, Hers and Kusaka suggested the function of this enzyme in the 
metabolism of fructose in mammalian liver (5). During the past two 
decades, FbPase has been isolated and investigated from a wide variety 
of different orgamisms (6). 
FbPase has an absolute requirement of a divalent cation for activity. 
It shows maximum activities at PH 7.5 and a high degree of substrate 
specificity and inhibition with high concentrations of substrate. The 
enzyme is also activated bv EDTA in the presence of free divalent cations 
(Mg^+, Mn^+) (7). AMP was reported to inhibit FbPase activity uncompetitively 
with respect to substrate (8). 
1 
2 
Extensive studies on FbPase from mannalian sources have been 
performed with relatively little attention being given to avian soecies. 
The main purpose of this research was to characterize the purified 
chicken liver FbPase. 
LITERATURE REVIEW 
Properties of Fructose 1. 6 -Blsphosphatase 
Function of FbPase in gluconeogenesis.~ 
Gluconeogenesis is one of the importment pathways in carbohydrate 
metabolism. FbPase, a gluconeogenetic, catabolic enzyme, plays an important 
role in carbohydrate metabolism by hydrolyzing FbP to fructose 6-phosphate 
and orthophosphate (9, 10). A catabolic enzyme is an enzyme which functions 
1n biochemical degradation reaction. 
Generally speaking, FbPase, which is at one of the control steps in 
gluconeogenesis, regulates the rate of formation of glucose from pyruvate 
and phosphoenolpyruvate. The diagram below shows the function of FbPase in 
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The activity of phosphofructokinase 1s Inhibited by adenosine 5'- 
triphosphate (ATP) in glycolysis, whereas FbPase is inhibited by AMP. It 
has been indicated that the direction of flow in the Embden-Meyerhof 
pathway might be controlled by the ratio of AMP to ATP. A low ratio of AMP 
to ATP would favor the reaction in the direction of gluconeogenesis and a 
higher ratio would favor glycolysis (11). However, the inhibition of FbPase 
by AMP would protect the cell against the wasteful dephosphorylation of 
FbP during glycolysis. 
Isotopic determination of possible mechanism of FbPase catalyzed 
reaction.— 
The reaction mechanism of the hydrolysis of FbP was studied by 
Benkovic and his co-workers (12). The hydrolysis of FbP occurred at the C-l 
positionof the oxygen-phosphorus linkage, leading to the formation of ^80- 
labelled.inorganic phosphate when the hydrolysis was carried out in H2
180. 
However, no evidence for enzyme-phosphate intermediate could be obtained. 
(13). 
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Molecular weight and subunit structure of FbPase.-- 
The purified chicken liver FhPase was found to be homogeneous 
upon polyacrylamide gel electrophoresis and by sedimentation 
equilibrium studies. It was determined that the native enzyme has a 
molecular weight of 143,000 and the SDS-acr.ylamide gel electroohoresis 
showed a single band with a molecular weight of 36,000 (14). Thus, the 
enzyme appears to have four identical subunits. 
Sia et al. found that the molecular weight of rabbit liver FbPase 
vas about 130,000 (16). The acrylamide gel electrophoresis in the 
presence of sodium dodecyl sulfate yielded two subunits with molecular 
weights of 29,000 and 35,500 respectively. Thus, the enzyme molecule 
consists of two dimers each consisting of two subunits of equal molecular 
weight. 
Amino acid compositions of FbPase.-- 
The amino acid composition of FbPase was found to be quite 
different from the reported results of neutral rabbit liver (16), muscle 
(16) and kidney (17). This suggested that the primary structure of these 
enzymes were different. Table 1 shows the amino acid composition of neutral 
rabbit and chicken liver FbPase. It is ouite interesting that the two 
neutral enzymes consisted of at least four molecules of tryptophan per 
molecule of enzyme. 
Dr. V. V. Murthy of Atlanta University treated the purified chicken 
Uver FbPase (supplied by Dr. Peter Han of Atlanta University) with 
carboxypeptidase R and aminopeptidase M and found that the COOH-terminal 
and ^-terminal amino acids were lysine and serine respectively. The 
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Table I. Amino Acid Composition of Native Chicken 
and Rabbit Liver FbPase 
No. of Residues per Mole of Enzyme 
Amino Acid Chicken Rabbit 
Lysine 93 120 
Histidine 10 24 
Arginine 53 54 
Cysteine 26 22 
Aspartic 133 135 
Threonine 62 72 
Serine 71 76 
G1utamic 75 104 
Proline 46 59 
Glycine 114 102 
Alanine 101 117 
Valine 99 100 
Methionine 25 33 
Isoleucine 92 75 
Leucine 97 111 
Tryosine 45 46 
Phenylalanine 32 36 
Tryptophan 4* 4* 
♦MINIMUM ESTIMATE 
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release sequence of those amino acids was Identified as: 
(Leu-glu-asp-arg-phen)-gly-try-lys-COOH 
Inhibition of FbPase activity by adenosine 5*-niomophosphate (AMP)  
It has been reported that AMP is an allosteric inhibitor for FbP by 
a variety of sources (18-20). An allosteric inhibitor 1s defined as an 
inhibitor which binds to sites of the enzyme other than the catalytic 
sites of the substrate. Low conentrations of AMP strongly inhibit the 
enzyme activity of pH 7.5 but have little effect at pH 9.2 (11). Taketa 
and Pogell found that the inhibition by AMP was non-competitive with 
respect to FbP (21). Neutral FbPase was completely inhibited by 20 PM 
AMP (22). The estimated concentration of free AMP in muscle was 
sufficient to effectively inhibit the enzyme activity. However, this 
inhibition could be relieved by Mn2+. This suggested that Mn^4- may 
participate in the regulation of FbPase activity in the intact cell. 
However, this is probably due to the chelation of AMP with Mn2+. 
The binding of AMP FbPase has been studied by the technique of gel 
filtration (23). Pontremoli Observed that there were four sites 
available on the enzyme for the binding of AMP (24). 
Absolute requirement of divalent cations. — 
FbPase has an absolute requirement for a divalent cation for enzymatic 
activity (4). However, the enzyme can bind its substrate or allosteric 
inhibitor in the absence of such cations (24, 25). Either Mg2+ or Mn2+ is 
needed for the catalysis of enzyme-substrate complex hydrolysis according 
to the following example: 
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Enzyme-FbP complex  > enzyme + FbP + orthophosphate 
Direct evidence for existence of an enzyme-substrate complex was 
recently reported by Pontremoli et. aK (26) 
At either neutral or alkaline pH, FbPase activity is dependent 
on the presence of divalent cations (5, 27). Maximum activity 1s 
shown by Mn2+ at lower concentration than for Mg2+, but becomes 
inhibitory at higher concentrations (28). Liver FbPase has also been 
reported to be activated by Co2+ (29, 30). 
Ethylene diamine tetraacetate (EDTA) activation of RaPase activitv.- 
EDTA was reported to activate the enzyme FbPase and to protect it 
from inactivation during purification (7). EDTA is ndt a normal 
physiological agent. However, 1t was frequently used to activate the 
FbPase at neutral pH (22, 31-34). The maximum enhancement of the enzyme 
activity by histidine is equivalent to that of EDTA, except that EDTA 
is more efficient at lower concentrations (35). 
EXPERIMENTAL 
Material s 
White leghorn chicken (150 days old) were supplied by Dixie 
chicken, Atlanta, Georgia. DTFructose 1, 6-bisphosphate (FbP), 
nicotinamide adenine dinucleotide phosphate (NADP+), ethylene diamine 
tetraacetate (EDTA), adenosine 5'-monophosnhate (AMP), glucose 
6-phosphate dehydrogenase, phosphoglucose isomerase, and bovine albumin* 
were purchased from Sigma Chemical Co., St. Louis, Missouri. Triethanolamine 
and diethanolamine were purchased from Eastman Organic Chemicals, Rochester, 
New York. 
Whatman phosphocellulose (pll) was purchased from H. Reeve Angel, 
Inc., Clifton, New Jersey. The phosphocellulose was pretreated with 15 vol 
of 0.5 N NaOH for 30 min and then washed with distilled water in a large, 
coarse sintered glass funnel until the effluent was near pH 8.0. 
The cellulose was then filtered and treated with 15 vol of 0.25 M HC1 for 
1/2 hr followed by water washing until the effluent was near pH 7.0. After 
treatment, the cellulose was stored in 0.2 M sodium acetate buffer (pH 6.3) 




FbPase activity was determined spectrophotometrically by following 
the rate of reduction of NADP+ to NADPH at 340 nm in the presence of 
excess phosphohexoisomerase and glucose 6-phosphate dehydrogenase. The 
reaction mechanisms are shown below. A Hitachi 191 Digital 








The standard reaction mixture, in a 1 cm cell, contained 25 mff 
triethanolamine-25 mM diethanolamine-HCl buffer at the indicated pH 
values, 0.1 mM NADP+, 1 mM MqC^, 0.1 mM FDTA, the indicated amount 
of substrate (FbP), 1 unit of glucose 6-phosohate dehydrogenase, 2 
units of phosphoglucose isomerase, and an appropriate aliquot of 
purified chicken liver enzyme. 
One unit of enzyme is defined as the amount required to catalyze 
the hydrolysis of 1 umole of FbP per min. Specific activity is defined 
as units per mg of protein. Protein concentrations of purified enzyme 
was determined spectrophotometrically at 280 nm. A solution containing 
1.0 mg (dry wt) of purified FbPase per ml in a light path of 1.0 cm has 
an absorbance of 0.763. It has been determined that the reduction of 
0.1 umole NADP+ to 0.1 umole NADPH absorbs 0.622 untt at 340 nm. 
FbPase 
Mg2+, H2O 










Specific Activity = 
A340nm/min X  1000 
Vol. of enzvme (x) 
6.22 X A280nm/0.763 
1000X = 1 ml 
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Purification of FbPase from chicken liver.- - 
All operations were carried out at 1-4° unless otherwise 
specified. 
Preparation of crude extract: Frozen chicken livers (200 g) were cut into 
small pieces without thawing and immediately homogenized for 2 min at 
medium speed in a Waring blender with 600 ml of ice-cold 50 mM Tris-HCl 
buffer (ph 7.8) containing 1 mM FDTA and 1.5 mM each of FbP and AMP. 
The homogenate was centrifuged for 60 min at 32,000Xg, and the supernatant 
was passed through glass wool to trap fat particles. A total of 593 ml 
of crude extract (pH 7.3) was obtained. A small amount of this (3ml) was 
dialyzed for 3 hr at 1° against 3 changes of 2 1 of 50 mM Tris-rHCl buffer 
(pH 7.5) containing 0.5 nM EDTA. The specific activities of the dialyzed 
crude extract was immediately determined at pH 7.5 and 9.2. 
Heat fractionation: The undialyzed crude extract (590 ml) was transferred 
to two 500-ml beakers and heated with constant stirring in a water bath 
maintained at 85°. When the temp of the enzyme solution reached 68°, the 
flasks were removed and cooled rapidly in an ice bath to 12°. The 
precipitate was removed by centrifugation for 20 min at 25,000xg 
(heat fraction, 502 ml). Again, 3 ml of heat fraction was dialyzed as 
described in the nrevious step, and assayed for specific activities at 
pH 7.5 and 9.2. 
Phosphocellulose absorption and chromatography; On the basis of our 
previous observations, the concentration of AMP and FbP prevent 
completely the FbPase from being absorbed by P-cellulose. Therefore, P- 
cellulose could be used to remove the nonspecific proteins. For this 
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purpose, the pH of the undialyzed heat fraction (499 ml) was adjusted 
to 5.6 with 2 N acetic acid and the treated P-cellulose (see Materials) 
corresponding to 30 g of the original dry powder was added with constant 
stirring. During the addition, the pH was kept constant at 5.6. The deep 
red P-cellulose was then removed by vaccum filtration. To the filtrate, 
an additional equal amount of P-cellulose was added maintaining the pH 
at 5.6. The P-cellulose was again removed by vacuum filtration. At this 
point, addition of more P-cellulose could not further remove the protein 
from the filtrate. It was found that approximately 55% of the protein of 
the heat fraction was removed by P-cellulose in this, step although all the 
FbPase activity remained unabsorbed. In order to remove AMP and FbP from 
the enzyme solution, the filtrate was dialyzed for 2 hr at 1° followed 
by another 2 hr at 22°, each against 3 changes of 6 1 of 50 mM tris-HCl 
buffer (pH 7.5) containing 0.2 mM EDTA and 1.5 mM MgC^ which served as 
an essential metal cofactor of FbPase to free the bound FbP. The pH of the 
enzyme solution was then adjusted to 5.6 and the treated P-cellulose 
previously equilibrated with more than 50 vol of 40 mM sodium acetate 
buffer (pH 5.6) was added to absorb all the FbPase activity. In this 
experiment, P-cellulose corresponding to 20 g of the original dry powder 
was added. This amount was slightly more than sufficient to absorb all 
the enzyme activity. At this stage, more than 95% of the protein in the 
enzyme solution remained unabsorbed. This suggests that almost all the 
nonspecific proteins that were not absorbed by P-cellulose previously in 
the presence of AMP and FbP still remain unabsorbed after these two 
ligands had been removed. Thus the prevention of P-cellulose absorption 
of FbPase by AMP and FbP appeared to be specific. 
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The enzyme-resin suspension was then poured into a 600-ml coarse, 
sintered glass funnel and most of the liquid was removed by vacuum suction. 
The P-cellulose was washed on the funnel with 2 1 of 0.2 M sodium acetate 
buffer (pH 6.3) containing 0.2 mM EDTA until all the unabsorbed proteins 
were removed (A280nm a °)* The FbPase was then eluted with 0.2 M sodium 
acetate buffer (pH 6.3) containing 0.2 mM EDTA, 0.5 mM FbP and 0.04 mM AMP 
at a flow rate of about 40 ml/hr. Fractions of 5 ml were collected. The 
enzyme activity appeared as a sharp peak between fractions 15-22. Since all 
these fractions had the same specific activity, they were pooled and added 
with 20 ml of 6 mM MgCl2 solution. The pH of the enzyme solution was < 
; 
adjusted to 7.5 and the FbP bound to the enzyme was hydrolyzed by dialyzing 
the enzyme solution (60 ml) at 22° for 90 min against two changes of 6 1 of 
Tr1s-HCl buffer (pH 7.5) containing 0.05 mM EDTA and 2 mM MgCl^. The enzyme 
solution was finally dialyzed for 6 hr at 1° against 4 changes of 6 1 of 
0.3 M ammonium sulfate (pH 7.0). This dialyzed enzyme solution» was stored 
at -20° until use. 
RESULTS 
Purification of FbPase from Chicken Liver 
The results of the purification of FbPase from chicken liver are 
summarized 1n Table 2. 
Kinetic Studies on Chicken Liver FbPase. 
Effect of AMP on enzyme activity. — 
As shown 1n Fig. 1, 1n the absence of AMP, purified chicken Uver 
FbPase has an optimum activity at pH 7.5. The addition of 20 yM AMP shifted 
the optimum pH to 8.0. This is due to the fact that the sensitivity of 
FbPase to AMP inhibition decreases with an increase in pH. It is postulated 
that the decreased sensitivity to AMP inhibition may be due to the fact that 
the AMP binding site may involve a positively charged functional group. 
?+ 
The effect of Mg concentrations on AMP inhibition is shown in Fig. 2. 
The results indicated that the sensitivity to AMP inhibition decreased with . 
an increase in Mg*- concentrations. This is probably due to the fact that 
Mg2+ combines with AMP to form a Mg2+-AMP chelating complex, thereby 
decreasing the concentration of free AMP. 
The results of Hill plots (Fig. 3) show that the n values (Hill 
coefficients) did not vary significantly with an increase in Mg2+ 
concentrations.from 1-10 mM. This indicates that the cooperative nature of 
AMP inhibition was independent of Mg2+ concentrations. 
After addition of 0.02 mM AMP, the FbPase activity decreased 
approximately 50% between 4.5 and 7.5 yM FbP (Fig. 4). From double-r- 
reciprocal plots, partially non-competitive inhibition with respect to 
substrate was observed (Fig. 5). Since AMP did not bind to the same sites 
for substrate (8), it can be postulated that the binding of AMP to FbPase 
14 
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Table 2. Results of Purification of Chicken Liver FbPase 
Fractions Protein 
Total units3 
pH 7.5 pH. 9.2 
(umole/min) 
Snecific activity 
pH 7.5 pH 9.2 
(umole/min/mg) 
Activity Yieldc 
ratio of (%) 
pH 7.5/9.2 
Crude extract 11,164 782 302 0.07 0.027 2.6 100 
Heat fraction 2,419. 750 279 0.31 2.12 2.6 96 
P-cellulose 29b 551 208 19.05 7.16 2.7 71 
a. The enzyme activities at pH 7.5 and 9.2 were assayed under the standard 
conditions as described in materials and methods. 
b. The amount of protein was determined from the dry v/eight of a salt-free 
purified enzyme solution. For earlier fractions the method of Lowry et al 
(36) was used, as described in materials and methods. 
c. The yield was calculated on the basis of enzyme activity at pH 7.5. 
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in Materials and Methods were used. 
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Fig. 2. Effect of Mg2+ concentrations on AMP inhibition of chicken 
FbPase. The standard conditions of spectrophotometric assay were 
described in Materials and Methods except that AMP and Mg^+ 
concentrations were used as indicated. 
18 








Fig. 4. Effect of substrate concentrations on FbPase activity in the 
presence and absence of AMP. The conditions for this assay as described 
in Materials and Methods except that 5 cm cell was used. 
20 
Fig. 5. Double-reciprocal plots for the data shown in Fig. 4. 
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may affect the binding of substrate to the catalytic sites of the 
enzyme. This is due to the conformational change of the polypeptide 
chain of the enzyme. 
Effect of divalent cations on catalytic activity.—. 
Purified chicken liver FbPase absolutely requires divalent 
cations (Mg2+ or Mn2+) for catalytic activity. As shown in Fig. 6. 
the optimum concentrations for Mg2+ and Mn2+ are 1-1.5 mM and 0.05-0.075 
mM respectively. Above the optimum concentrations, both cations inhibited 
FbPase, however, greater inhibition was observed with Mnc . The maximum 
activity observed in the presence of Mg2+ is 55% of that observed with 
Mn2+. The values of Km as estimated from Lineweaver-Burke plots or double 
reciprocal plots using the noninhibitory cation concentrations are 0.45 mM 
of Mg2+ and 0.028 mM for Mn2+ (Fig. 7). 
Effect of EDTA on Catalytic Activity.— 
Fig. 8 Presents evidence of EDTA chelating with divalent cations 
(Mg2+) for activation of FbPase activity. The maximum activity observed 
in the presence of 0.1 mM EDTA and free Mg2+ is approximately 5 times 
that observed in the absence of EDTA. 
EDTA activates FbPase only in the presence of free divalent cations 
(Mn2+ or Mg2+). As shown in Fig. 9, when the EDTA concentration was equal 
to that of Mn2+, no activity was observed. This is due to the fact that 
all Mn2+ cations chelate with EDTA molecules to form EDTA-Mn2+ complexes. 
Therefore, no free Mn2+ is available in the reaction mixture. 
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Fig. 6. Effect of divalent cations on the activity of purified chicken 
liver FbPase at pH 7.5. The standard conditions for the spectrophotometric 
assay as described in Materials and Methods except that the concentrations 
of MgC^ and MnCl2 as indicated, 1 mM histidine and 5 cm cell were used. 
23 
fig, L Double-reciprocal plots of the data shown in Fig. 6. 
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Fig. 8. Effect of substrate concentrations on FbPase activity in 
the presence and absence of EDTA. The standard conditions for this 
assay as described in Materials and Methods. 
25 
Fig. 9. Effect of EDTA concentrations on FbPase activity in the 
presence 0.1 mM and 0.2 mM Mn . This assay as described in Materials 
Methods except that 5 cm cell was used. 
26 
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Effect of nH on catalytic activity. -- 
Purified chicken liver FbPase showed maximum activity at pH 7.5 
(Fig. 10). No activity was detected below pH 6.0. Enzyme activity decreased 
as pH increased (Fig. 11). It was also found that the FbPase activity 
observed at pH 7.5 was approximately 2.2 - 2.7 times as great as that 
observed at pH 9.5. The values of Km as estimated from double reciprocal 
plots using the noninhibitory FbP concentrations are shown in Fig. 12. 
It was found that Km values (Fig. 13) increased with an increase in pH 
which is in agreement with the fact that the substrate-enzyme affinity 
decreased with an increase in pH. This is probably due to the 
conformational change of the enzyme. 
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Fig. 10. Effect of pH on the activity of purified chicken liver FbPase 
The standard conditions of spectrophotometrie assay as. described in 
Materials and Methods except that 0.1 mM FbP and 5 cm cell were used. 
28 
Fig. 11. Effect of pH on the activity of purified chicken liver FbPase. 
The standard conditions of spectrophotometric assay as described in 
Materials and Methods except that 5 cm cell was used. 
29 
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FbP 
Fig. 12, Double-reciprocal plots for the data shown in Fig. 11. 
30 
Fig. 13. pH vs. Km for the data shown in Fig. 12. 
DISCUSSION 
Successful Isolation of FbPase with a neutral pH optimum was reported in 
1971 (22). Proteolytic enzymes, which may cause a modification of the 
molecular weight of the enzye, can be removed by heat fractionation as 
described in.the method of purification of chicken liver FbPase. The molecular 
weight of the neutral enzyme was found to be 143,000. The COOH-terminal and 
NHg- terminal amino acids of chicken liver FbPase were identified as lysine 
and serine respectively. 
At pH 7.5, low concentrations of AMP strongly inhibit the enzyme activity 
but have little effect at pH 9.2 (11). Mon-competitive inhibition by AMP with 
respect to FbP was observed. Four sites available on the enzyme for the binding 
of AMP were found by the technique of gel filtration (23, 24). The sensitivity 
of chicken liver FbPase to AMP inhibition decreases with an increase in pH. 
It is postulated that the AMP binding sites On the enzyme may have a positively 
charged functional group. It is possible that Mg^+ èhèlatës with AMP to form 
Mg^+—AMP complex. Therefore, the sensitivity to AMP inhibition decreased with 
an increase : in Mg2+ concentrations. Moreover, it is possible that, due to the 
conformational change of the polypeptide chain of the enzyme, the binding of 
AMP to FbPase may affect the binding of substrate to the catalytic sites of 
the enzyme. 
Although EDTA is not a normal physiological agent, it was frequently 
used to enhance FbPase activity at neutral pH (22, 31-34). EDTA activates 
FbPase only in the presence of free divalent cations (Mn^ Or,'Mg ). Maximum 
activity was observed in the presence of 0.1 mM EDTA and 1 mM Mg^+. 
32 
The optimum pH for purified chicken liver FbPase was at 7.5 (Fig. 10). 
No activity was observed below pH 6.0. Values of Km (Michaelis constants) 
were found to increase with increasing pH. The result agrees with the fact 
that substrate-enzyme affinity decreased with an increase in pH. This 
may due to conformational change of the enzyme. 
Like all FbPases reported to date (6), the purified chicken liver 
FbPase absolutely required divalent cations (Mg2+ or Mn2+1 for catalytic 
activity. The maximum activity observed with Mg2+ as the metal cofactor 
was 55% of the maximum activity observed with Mn as the essential metal 
cofactor of chicken liver FbPase. In contrast, Mn2+ is less effective than 
Mg2+ in activating "neutral" rabbit liver FbPase (31). This is one known 
difference in properties between avian and mammalian FbPases. 
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